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Echo-Planar Imaging of Porous Media with Spatial
Resolution below 100 um
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A modified version of the echo-planar imaging technique incor-  (rapid acquisition with relaxation enhancement) experimen
porating a Carr—Purcell train of 180° rf pulses (PEPI) has been which also uses a train of spin echoes for fast image acquisitic
implemented on a standard spectrometer. It is demonstrated that (7, 8. In this paper we demonstrate how PEPI and the PEF
artifacts in the image due to cumulative errors in the rf field can hybrid can be implemented on a standard spectrometer with
be reduced by replacing each 180° pulse by a composite sequence i qimaging facility. No modifications to the hardware are
of three rf pulses. Artifact-free 3D images at 94 um voxel resolu- necessary

tion are obtained within 15 min. This technique has been applied . . . .
to study the drying process in an initially water-saturated model The three-dimensional PEPI hybrid pulse sequence is shov

porous medium with characteristic T% of order 700 ps. © 1 N Fig. 1. If all refocusing pulses have the same phase, ur
Academic Press wanted transverse magnetization due to imperfect rf pulse

Key Words: EPI; porous media; composite pulses. causes a central line artifact in the image. By alternating th
phase of the refocusing pulses in a two-stey phase cycle,
this artifact can be reduced in intensity and shifted to the edg
Magnetic resonance imaging (MRI) techniques are nowf the image 9). Such a phase cycle has been suggested
established as a probe of the spatially resolved distribution @fillion et al. for the compensation of cumulative pulse errors
physical properties in porous media. For example, a thrae- Carr—Purcell sequences. Further improvement may &
dimensional volume image of the fluid density distributiomchieved by using a more complex 16-step phase cycle co
filling the pore space can be analyzed to obtain characteristaisting ofx andy pulses 10).
of the void space and of the individual pores within the pore A different approach to compensating for pulse errors ir
space {, 2). Of increasing interest is the application of MRI taspin-echo experiments is the use of composite rf puls®s If
follow dynamic processes in such systems at high resolutitive refocusing pulsek,(7) of a Carr—Purcell sequence is
and in three dimensions. An important issue is therefore theplaced by a composite sequence of three rf pulRegy/
time scale for signal acquisition; steady-state conditions withi) R,(7) R,(7/2), good spin-state inversion is achieved ever
the sample are required on a time scale defined by the acduoi-pulses with a flip angle different from 180°, but there is a
sition time for one image. Using the spin-echo method, thehase shifid between even-numbered and odd-numbered ecl
acquisition of a single two-dimensional image is on the ordees. Using the PEPI sequence shown in Fig. 1, the value of
of minutes, while a full three-dimensional image takes severegdn be obtained by a comparison of the first two echoes. A
hours. With high-speed imaging techniques it is possible émtomatic phasing algorithm is used to calculaté his value
obtain a two-dimensional image in less than one second.dhA is then used to correct all odd-numbered echoes prior t
particular, echo-planar imaging (EP8) @llows the acquisition Fourier transformation. Fan vivo applications it is important
of a full two-dimensional image from one single excitationto note that the rf power deposition is increased fourfold usini
However, in porous media the variation of magnetic suscepsuch a sequence of composite pulses.
bility gives rise to a rapid™ relaxation, which leads to serious Both the two-dimensional PEPI and the three-dimension:
distortions and blurring in the EPI images. PERIEPI) 4,5 PEPI hybrid were implemented on a standard Bruker DMX
is a modification of EPI, where the gradient reversals aB®0 spectrometer with actively shielded microimaging gradi
replaced by unipolar gradient pulses centered around a 180&mts. The receiver was left open during the entire Carr—Purce
pulse. These 180° rf pulses refocus the magnetization, whichrigin in order to enable a rapid acquisition. The individua
dephased by magnetic field inhomogeneities. Due to these 188hoes were subsequently rearranged using the data rearrar
rf pulses, thek-space trajectory is different from EPI, and thenent procedures given in Refgl, ©). In order to avoid mag-
echoes have to be reordered prior to Fourier transformadjon (netic field gradients induced by eddy currents due to the fa
Based on this method is a PEPI hybrid, which allows th&witching of the gradients, the read gradient was ramped in 1(
acquisition of a full three-dimensional image within severateps of 0.5us duration between zero and the maximum value
minutes 6). The PEPI experiment is related to the RAREs shown in Fig. 1. One hundred twenty-eight echoes wel
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FIG. 1. Pulse-timing diagram for the three-dimensional PEPI hybrid sequé&cA CPMG train of 180° rf pulses is applied in the gaps between the rea
gradient pulses. Cumulative errors in the rf field can be refocused by replacing the refocusindRpu@sdd$R, by composite pulses, as described in the text.

acquired, each echo consisting of 128 complex data points witimple consisting of a packed bed of glass spheres (1.0 i
a dwell time of 5us. The duration of the blip gradient was 50@liameter) inside a 10-mm-diameter glass tube. The pore spa
us, and the time for one echo was 3.28 ms, giving a totadas filled with deionized water. Figure 2 shows a spin-ech
acquisition time of 420 ms for one scan. An important issueiimage (a) and a PEPI image (b) of a transverse slice ¢
the effect ofT, relaxation and self-diffusion during the acquithickness 0.5 mm through the sample. Eight transients wel
sition time on spatial resolution. Observation of the echo sigretquired for signal averaging with a repetition time of 3 s,
with no blip gradients applied showed that the amplitude of tlggving a total experiment time of 51 min for the spin-echo
final echo was attenuated to approximately 30% comparedexperiment, compared to 24 s for the PEPI experiment. Th
the first echo. This leads to a smoothing of the images in tbéfect of rf pulse errors becomes evident from the three
phase direction. However, this smoothing effect is small (ledgmensional image, of which two orthogonal slices through th
than 10%) compared to the smoothing introduced by thé sitentral section are shown in Fig. 3. The spin-echo image shov
apodization filter, which has been applied to both spin-eclm Figs. 3a and 3b was acquired by taking two signal average
and PEPI images. with a repetition time 1 s and 128 phase steps, correspond-

The pulse sequences were tested on a model porous medingto a total experiment time of 9 h. The PEPI images show

FIG. 2. A two-dimensional spin-echo (a) and PEPI (b) image of the water distribution in a transverse slice through a packed bed of 1.0-mm glass <
The pixel resolution is 94m with a slice thickness of 0.5 mm.
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FIG. 3. Two images of orthogonal slices showing the water distribution in a packed bed of 1.0-mm glass spheres. Images (a), (b) were recorded
three-dimensional spin-echo pulse sequence, while (c), (d) and (e), (f) were recorded using the three-dimensional PEPI hybrid without anasitéh co
refocusing rf pulses, respectively. Note the ghosting artifacts in (c) due to errors in the rf field. The voxel resolutiopis.117

in Figs. 3c—3f were acquired by taking two signal averagege acquired using the PEPI hybrid with a two-steg phase
with a repetition time of 3.5 s and 128 phase steps, correspongeling in the Carr—Purcell train, while in Figs. 3e and 3f
ing to a total experiment time of 15 min. Figures 3c and 3cbmposite 180° rf pulses and a two-stepy phase cycling in
show two orthogonal slices through the three-dimensional irtike Carr—Purcell train were used. The agreement between t
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FIG. 4. A series of slices through three-dimensional images obtained with the PEPI hybrid sequence. The sample was a packed bed of 0.5-mm glas
inside a 10-mm-diameter glass tube initially filled with deionized water. The voxel resolutionuim9Z he initial water distribution in the pore space is shown

in (a). The subsequent images show the water distribution at later times: 1.5 3 fgb)c), 4.25 h (d), 5.25 h (e), dn7 h (f) after acquisition of (a). The
inhomogeneous evaporation of the water is clearly visible.

images in Figs. 3a, 3b and 3e, 3f is excellent, while in Fig. 3xperiment was part of a larger study, the results of which wil
severe artifacts appear due to rf pulse errors. be published elsewhere. The model porous medium was

Having demonstrated the three-dimensional PEPI hybridacking, of length 15 mm, of glass spheres of diameter 0.5 m
the method was then applied to monitor the process of dryingntained within a 10-mm-diameter glass tube. The pore spa
within an initially water-saturated model porous medium. Thiwas filled with deionized water. The top end of the tube wa:
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open, and air was allowed to circulate around the tube, giving L. F. Gladden and P. Alexander, Applications of nuclear magnetic

a controlled evaporation of the water. In Fig. 4 images of the
water distribution obtained using the three-dimensional PEPI

hybrid are shown at different times. It is clearly visible that the’

drying process is inhomogeneous.

eter, without the need for any hardware modifications. Errors ig
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